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Viridans streptococci, which include Streptococcus gordonii, are pioneer oral bacteria that initiate dental 

ESfS^r ^ bac - ia in f bmha exhibit a mode of growth that is disti » ct from ^SZSSS 

^S^^T^ S * g ° rd0nU Cha,IiS WaS characterized ^ an *» vitro biofilm formation assay 
hv ttff J he same / ssa y was used as a unbiased method to screen isogenic mutants generated 

by Tn916 transposon mutagenesis for defective biofilm formation. Biofilms formed optimally when baSTSI 
grown in a minimal medium under anaerobic conditions. BiomiflJiuanat^ 

CTaUis were identified based on Southern hybridization with a TnPitf-based probe and DNA sequences of the 
Thanking regions Molecular analyses of these mutants showed that some of the genes YsS&SSt^ 
wJS^ ^^T 1 ^ m S,gnal transduction > Peptidoglycan biosynthesis, and adhesion. These charac 
SStS^h??? 111 ^!!? 1 qUOn,m WB * & osm ™**V^ ™* adhesion functions in oral streptococci, ol 
J h \ bi ^ ,m - defecti y e muta ** ^d defects in genes of known function, suggesting that novel aTects of 
12?? * y si ^®™y P f f Pfrt in biofilm formation. Further identification and dmLMa^XSm. 
associated genes will provide insight into the molecular mechanisms of biofilm formation of oral streptocoS 




Viridans streptococci, which include Streptococcus gordonii, 
are pioneer bacteria that initiate the formation of biofilms on 
tooth surfaces known as dental plaque. These ubiquitous initial 
colonizers constitute a majority of the cultivable bacteria found 
in dental plaque (46) and are the most frequent etiologic 
agents of bacterial endocarditis (16, 61). Over the last decade, 
viridans streptococci have become significant opportunistic 
pathogens and a major cause of bacteremia in immunocom- 
promised patients, accounting for 40% of infections in neutro- 
penic patients (26, 33). 

Dental plaque forms by two distinct sequential steps: adhe- 
sion of early colonizers to host tissue components (24, 53) and 
then time-dependent accumulation of multi -layered cell clus- 
ters embedded in a matrix of bacterial and host constituents (4, 
55, 62), Although numerous studies have elucidated the mech- 
anisms of initial streptococcal adhesion (7, 13, 17, 22, 25, 31, 
51, 52), the subsequent process of bacterial accumulationand 
proliferation leading to functionally heterogeneously orga- 
nized sessile communities called dental plaque is poorlv un- 
derstood. 

Genetic and molecular studies of dental plaque have pre- 
dominantly used planktonic bacteria grown in batch culture. 
Although these studies have provided extensive and relevant 
information, dental plaque bacteria colonize and exist as 
sessile bacterial communities. Biofilm formation is initiated by 
interactions between planktonic bacteria and a surface in re- 
sponse to appropriate environmental signals. A fully devel- 
oped, surface-attached dental biofilm is highly structured, with 
distinct architectural and physiochemical properties commonly 
observed with other biofilm communities (10, 11). Biofilm bac- 
teria exhibit a distinct mode of growth which differs from that 
of planktonic cells and which is characterized by an increased 
resistance to antibiotics and differences in levels of gene ex- 
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pression and cellular physiology (10, 11, 29). Therefore, we 
hypothesize that novel, biofilm-associated genes are required 
for the development of dental biofilms after initial bacterium- 
surface contact is established. As sessile populations reflect 
conditions in vivo more accurately than planktonic bacteria, 
the genes expressed by biofilm bacteria are likely to play a role 
in the colonization of tooth surfaces and the increased viru- 
lence exhibited by viridans streptococci in susceptible hosts 
(16, 26, 33, 61). The aims of this study were to determine the 
influence of various environmental factors on the in vitro bio- 
film formation of S. gordonii Chaliis and to identify genes 
involved in the biofilm formation of this species of viridans 
streptococci. 

The utility of polystyrene as a surface for attachment by 
marine pseudomonads under various physiological conditions 
was demonstrated by Fletcher (20). Microtiter plates made of 
polystyrene provide a convenient and sterile abiotic surface for 
studying bacterial biofilm formation. Studies using abiotic sur- 
faces coupled with transposon mutagenesis have identified 
novel genes in the biofilm formation of Staphylococcus epider- 
midis (28, 43, 56), Escherichia coli (50), and Pseudomonas fluo- 
resces (47, 48). Since tooth surfaces, generally covered by a 
* thin pellicle layer of salivary origin, are abiotic, a similar strat- 
egy with Tn916 transposon mutagenesis was used in this study 
as a nonbiased method of isolating biofilm-defective mutants 
of S. gordonii Chaliis and identifying genetic loci that are as- 
sociated with biofilm formation. 

MATERIALS AND METHODS 

Bacterial strains, media, and chemicals. S. gordonii Chaliis 2, a rifamycin- 
f esistant (500 p.g/ml) strain of S, gordonii Chaliis (42), was used as the parent 
strain. Other oral streptococcal strains used were obtained from the American 
Type Culture Collection, except for Streptococcus parasanguis FW213 (from P. 
Frves-Taylor, University of Vermont) and Streptococcus oralis C104 (from P. 
Kolenbrander, National Institute of Dental and Craniofacial Research) All 
strains were grown in Todd-Hewitt broth with 0.2% yeast extract (THB+YE) 
Antibiotics were added at the following concentrations: for £. coli, 100 ag of 
ampiciUin ml and 4 u,g of tetracycline ml" 1 , and for .9. gordonii, 10 us of 
tetracycline ml'\ All enzymes for DNA manipulations were purchased from 
Promega (Madison, Wis.). 
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Bioftlm assay. The biofilm formation assay used is based on the method by 
OToole and Kolter (48). A minimal, defined medium modified from the work of 
Carlsson (6) and Jenkinson (30) was used as the biofilm medium (BM). The BM 
contained 58 mM K 2 HP0 4 , 15 mM KH 2 P0 4 , 10 mM (NH^O^ 35 mM NaCl, 
0.8% (wt/vol) glucose, 0.2% (wt/vol) Casamino Acids (CAA), and 100 mM 
MnCl 2 • 4H 2 0 (pH 7.4) and was supplemented with filter-sterilized vitamins 
(0.04 mM nicotinic acid, 0.1 mM pyridoxine HQ, 0.01 mM pantothenic acid, 1 
p,M riboflavin, 0.3 |jlM thiamin HC1, and 0.05 p,M D-biotin), amino acids (4 mM 
L-glutamic acid, 1 mM L-arginine HC), 1.3 mM L-cysteine HO, and 0.1 mM 
L-tryptophan), and 2 mM MgS0 2 • 7H 2 0. 

Round-bottomed microtiter plates (Becton Dickinson Labware, Lincoln Parle, 
NJ.) containing 100 nJ of BM per_well were inoculated -with S. gordonii -Chaliis 
(4.2 X tO^CFU per well) from a 16-h growth in THB+YE without agitation. 
After 16 h of incubation at 37°C, 25 jjuI of \% (wt/vol) crystal violet (CV) solution 
was added to each well. After 15 min, wells were rinsed three times with 200 \d 
of distilled H 2 0 and air dried. Bacterial growth and biofilm formation were 
quantified by measuring the absorbance at 575 nm (4 57S ) of the bacterial culture 
and CV-stained biofilm, respectively. Each assay was performed in triplicate. 
Biofilm formation was examined on both polystyrene (Falcon 3918) and polyvi- 
nylchloride (Falcon 3911) microtiter plates under aerobic and anaerobic condi- 
tions to determine the optimum conditions for the assay. 

All the biofilm assays described below were performed on polystyrene plates 
under anaerobic conditions. Biofilm formation of S. gordonii Chaliis was exam- 
ined in each of the following media: BM, BM without glucose, BM without CAA, 
XHB, THB+YE, and Trypticase soy broth (TSB). 

Bacterial growth and biofilm formation of & gordonii Chaliis were assayed over 
16 h to determine the relationship between growth and biofilm formation. Hie 
effects of changes in osmolarity on S. gordonii Chaliis biofilm formation were 
assessed by supplementing BM with the osmolyte NaCl (0 to 0.4 M). In addition, 
the influence of changes in pH on biofilm formation was examined by using BM 
with a starting pH that ranged from 3 to 12. The effects of replacing the glucose 
in BM with an alternative carbohydrate at a final concentration of fl.8% (wt/vol) 
were examined. The carbohydrates tested were arabinose, fructose, fucose, ga- 
lactose, lactose, maltose, maltotriose, mannose, raflinose, ribose, rhamnose, su- 
crose, and xylose. 

Biofilm formation of S. gordonii Chaliis and 15 other oral streptococci were 
assayed and categorized based on the^4 S7S of the CV-stained biofilm. When the 
A S7& of the CV-stained biofilm was greater than 2.0, the strain was categorized as 
a good biofilm former. Strains which produced CV-stained biofilms with an^ J7S 
of 1.0 to 2.0 were designated moderate biofilm formers, while those with CV- 
stained biofilms that had an;4 575 lower than 1.0 were categorized as poor biofilm 
formers. 

SEM. Biofilm formation of S. gordonii ChalJis on polystyrene surfaces coated 
with three different matrix proteins was assayed. Laminin (2 ii-g/cm 2 ), type IV 
collagen (10 u,g/cm 2 ), and fibronectin (5 fig/cm 2 ) were each used to coat poly- 
styrene microtiter plates according to the instructions of the manufacturer (Sig- 
ma-Aldrich Co., St. Louis, Mo.). Plates were air dried under UV and used in the 
biofilm assay as described previously. Biofilms that formed were examined by 
scanning electron microscopy (SEM) to verify the quantitative results observed. 
The microtiter plates were fixed by adding an equal volume of formaldehyde- 
glutaraldehyde to the medium for 1 h, followed by addition of a full-strength 
fixative overnight. The wells were washed three times with 0.1 N cacodylate 
buffer, postfixed with 2% Os0 4 in ^-collidine buffer for 2 h, and rinsed with water. 
Following dehydration through a graded series of ethanol, the collars of the wells 
were cut away with a band saw. The wells were rinsed with ethanol and air dried. 
The 96-well plate was then cut into six equal parts, and the upper left corner of 
each section was marked for orientation of the wells. The sections were mounted 
on aluminum stubs, coated with palladium-gold, and examined in a JEOL 6400 
scanning electron microscope. The sections were tilted 45° in order to examine 
the sides of wells. Wells for photography were randomly selected, but the area 
within the well for viewing was always measured to be 2 mm from the cut edge 
of the collar, thus avoiding the bacteria which may have settled at the bottom of 
the well during incubation. Polaroid photographs were taken of representative 
areas and digitized with a scanner (Agfa Corp., Ridgefield, N J.) for reproduc- 
tion. 

Tn91tf transposon mutagenesis. S. gordonii Chaliis grown in THB+YE was 
diluted (1:100) in streptococcal transformation medium (39). The medium con- 
sisted of 1% Proteose Peptone, 0.2% YE, and 0.2% glucose (pH 7.8) and was 
supplemented with 10% heat-inactivated horse serum (Sigma). After inocula- 
tion, the culture was incubated anaerobically at 37*C for 105 min for maximum 
transformation efficiency (39). After incubation, 2 to 3 u,g of pAM120 (pGLlOl 
containing pAD\EcoftlF::Tn916) plasmid DNA was mixed with 0.5 ml of the 
culture and the mixture was incubated for another 4 h under anaerobic condi- 
tions at 37*C. Cells were then plated on brain heart infusion agar (BBL Micro- 
biology Systems, Cockeysville, Md.) containing tetracycline and incubated anaer- 
obically for 48 h. The plasmid DNA for transformation was isolated from E. coli 
CG120 (23) using a maxi prep kit (Qiagen Inc., Valencia, Calif.). The transfor- 
mation frequency was 3 x 10 5 transformants per ug of DNA. Each tetracycline- 
resistant colony was picked and transferred into a well on a microtiter plate 
containing 200 p,l of BM with tetracycline. After the inoculum was mixed, 100 u,l 
of the BM was transferred to another well on a new microtiter plate to create a 
duplicate. Both plates were then incubated anaerobically at 37°C for 24 to 48 h. 



After incubation, bacterial growth in each well was determined by recording the 
A S7S of the culture, and one plate was stained with 1% CV. Bacteria from the 
duplicate plate corresponding to wells with equivalent levels of growth but poor 
CV staining were picked as putative biofilm formation-defective mutants. These 
putative mutants were streaked onto brain heart infusion agar containing tetra- 
cycline and retested for their ability to form biofilms to rule out false positives. 
Colonies that continued to show defective biofilm formation were designated 
biofilm-defective mutants. 

Molecular techniques. Chromosomal DNA was isolated from the wild-type S. 
gordonii Chaliis and putative biofilm-defective mutants by the method described 
by Ganeshkurnar et al. (22). DNA was digested with WmdlU, separated by 
- -agarose-gel electrophoresivand'transferredWo a"nitrocellulose membrane for 
Southern hybridization. The probe used for hybridization was pAM120 labeled 
with digoxigenin (DIG) using the DIG DNA labeling system, according to the 
iastructions of the manufacturer (Roche Molecular Biochemicals, Indianapolis, 
Ind.). After hybridization, the membrane was developed by enzyme immunoas- 
say using a DIG nucleic acid detection kit (Roche Molecular Biochemicals). 

DNA sequences flanking the transposon were determined by inverse PCR and 
DNA sequencing. Chromosomal DNAs from the mutants were digested with 
///Vtdlll, self-ligated with T4 DNA ligase, and used as the PCR templates. 
Primers with EcoRV adapters (underlined) were designed using the published 
Tn916 sequence (19). Primer 1PTNL3 (5' CG GATATCC GTAAAGTATCCG 
GAGAATA) was from positions 11990 to 12015 of the Tn9J6 coding strand, 
about 180 nucleotide s ups tream of a unique //widlll site, while primer 1PTNR2 
(5' CGGATATCCGT1TGAAGTGTCTACCTAT) was from positions 191 to 
174 of the Ta9J6 antisense strand. PCR was carried out as follows. After initial 
denaturation for 2 min at 95°C, 36 cycles of amplification consisting of denatur- 
ation for 45 s at 94°C, annealing for 45 s at 53'C, and extension for 2 min at 72°C 
were performed. This procedure was followed by a final extension of 10 min at 
72°C. The PCR products were analyzed by agarose gel electrophoresis, purified 
using a Qiagen PCR purification kit, and sequenced at the Molecular Genetics 
Core Sequencing Facility at The Forsyth Institute using a model 377 automated 
sequencer (Applied Biosystems, Foster City, Calif.). Each sequence obtained was 
compared with those in GenBank by using the BLASTX program (1). 

Nucleotide sequence accession numbers. The nucleotide sequences of the sites 
of Tn9J6 insertion in the different biofilm mutants have been deposited in 
GenBank under accession numbers AF207576 to AF207592 as indicated in Ta- 
ble 1. 



RESULTS 

S. gordonii biofilm formation is nutrient dependent. Motile, 
gram -negative bacteria have been used previously to study 
biofilm formation on abiotic surfaces (20, 47, 48, 50). In this 
study, the biofilm formation of a nonmotile gram-positive oral 
bacterium, gordonii Chaliis, was examined using an assay 
based on the method described in a previous study (48), In this 
assay, staining with 1% CV for 15 min enables the visualization 
of attached, sessile cells after bacterial biofilms have formed in 
microtiter plate wells for 16 h. Unattached, planktonic cells are 
removed by rinsing with water. Cells are stained purple with 
CV (A 575 of 1 is equivalent to approximately 2 X 10 6 CFU/ 
well), whereas abiotic surfaces are not stained. As this assay 
lasts only over 16 h, it is biased towards initial events, which 
might not allow identification of defects in late biofilm forma- 
tion. 

Biofilm assays were carried out under various conditions 
to determine the optimum experimental conditions. Biofilms 
were readily apparent on polystyrene but not polyvinylchloride 
surfaces, and both growth and biofilm formation were greater 
under anaerobic conditions (Fig. 1). Anaerobically grown cells 
were found to form heavier, more uniform biofilms on both 
surfaces than aerobically grown cells. As the bacteria were 
grown without agitation, the ceils that did not form a biofilm 
settled to the bottom of U-shaped wells and were effectively 
removed by washing* The facultative anaerobe & gordonii 
formed biofilms on the lower part of the wells on the U-shaped 
surfaces below the air-liquid interface, in contrast to aerobes 
such as P. aeruginosa and E. coli, which grow at the air-liquid 
interface (48, 50). 

When different media were used in the biofilm assay, only 
BM produced uniform biofilms (Fig. 1). No growth occurred 
when glucose or CAA was omitted from BM. In enriched 
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TABLE 1. Genetic identification" of biofilm-defective mutants of S. gordonii Challis 



Mutant 


Allele 


Locus 


/a or level oi 

\\r'\ \t\- fi;r> A 

wuu*iypc 
biofilm 
formation'' 


Genetic function 


r uimive ruic in 
biofiltn 


1MR.ICUUUC &CL[UcHtC M 

Tn97<5 junction*' 


no. 


Reference 


1 


8F9 


cornD 


61.4 


Hist j dine kinase 


Quorum sensing 


TTAATTTTATTG TAA 


U80077 


42 


2 


1C1 


PBP 2B gene 


9.0 


Peptidoglycan biosynthesis 


Osmoregulation? 


AAGATTTTTATACTA 


AF207585 


This study 


3 


11E5L 


PBP 5 gene 


44.3 


Peptidoglycan biosynthesis 


Osmoregulation? 


ATTATTTTTTAAAGA 


AF207578 


This study 




11E5U 


ATP as e gene 




Cation transport 


Osmoregulation? 


CTATATTTTTAAAGA 


AF207579_ 


JThis-Study 


- 4- _ 


11B4^ 


glmM 


- 55.5 - - 


Peptidoglycan biosynthesis 


Osmoregulation? 


GTTATITTTTTATTA 


AF207577 


This study 


5 


15B3 


bacA 


12.6 


Peptidoglycan biosynthesis 


Osmoregulation? 


TACTTTTATACTTTA 


AF207587 


This study 


6 


9F8 


abpA 


16.2 


a-Amylase binding 


Adhesion 


CTCCTTTTTTATGTA 


AF035817 


51 


7 


29E5 


appC 


24.9 


Oligopeptide transport 


Nutrient sensing? 


AGititititATGTA 


AF207584 


This study 


8 


4B3 


mutT 


17.1 


DNA replication 


Unknown 


TTTATTATTAATTTA 


AF207581 


This study 


9 


13A12 


ytmP 


14.6 


Unknown 


Unknown 


TTAriTrrnTATTA 


AF207592 


This study 


10 


8A11 


No match 


35.3 


Unknown 


Unknown 


GTATTTTTTACAAAA 


AF207586 


This study 


11 


6C12 


No match 


28.2 


Unknown 


Unknown 


ATAATTTTTTATTTA 


AF207591 


This study 


12 


14H6 


No match 


26.1 


Unknown 


Unknown 


GTTCnTTTATTCAA 


AF207582 


This study 


13 


8B8 


No match 


33.2 


Unknown 


Unknown 


TGArrrrriTGAATA 


AF207583 


This study 


14 


12E11 


No match 


18.5 


Unknown 


Unknown 


CTATATTTTTAAAGA 


AF207576 


This study 


15 


8G2 


No match 


21.6 


Unknown 


Unknown 


CGAATTTTAATTTTA 


AF207580 


This study 


16 


29F1 


No match 


43.3 


Unknown 


Unknown 


G TTCTTTTTAATGTA 


AF207590 


This study 


17 


18D10 


No match 


22.1 


Unknown 


Unknown 


GCTATTATTATACCA 


AF207588 


This study 


18 


UG1 


No match 


32.1 


Unknown 


Unknown 


TCGATITITITATTA 


AF207589 


This study 



° Based on DNA homologies with DNA sequences in GenBank. 

h Wild-type biofilm formation was considered to be 100%. 

e Fifteen nucleotides upstream of the chromosomal DNA of the TnPid insertion. 



early up to 10 h, at which time the CV -stained biofilm pla- 
teaued (at anA 515 of —2.5). Although growth was minimal up 
to 6 h, biofilm formation increased steadily during this time 
(data not shown). Due to these preliminary observations, sub- 
sequent biofilm assays were performed on polystyrene micro- 
titer plates containing BM (the defined, minimal medium con- 
taining glucose and CAA), which resulted in distinct biofllms 
after 16 h of anaerobic incubation at 37°C. 

When the osmolarity of the BM was increased (Fig. 2), an 
initial increase in bacterial growth (at 0.1 to 0.3 M NaCl) was 
followed by a decrease in growth (at 0.4 M NaCl). In contrast, 
biofilm formation was reduced when osmolarity was increased 
from 0.1 to 0.4 M NaCl. When the starting pH of the BM was 
altered, biofilm formation was reduced at pH levels below 6 or 
above 8 while growth was reduced only when the pH was below 
6 or above 10.5. Generally, biofilm formation was more sensi- 
tive to pH changes than bacterial growth. Maltose, mannose, 
sucrose, fructose, galactose, lactose, and maltotriose were 
found to be viable alternative carbon sources which could be 
used without adversely affecting growth or biofilm formation. 
The remaining carbohydrates examined, xylose, ribose, fucose, 
arabinose, rafiinose, and rhamnose, did not support bacterial 
growth; therefore, no biofilm formation was seen. 

Biofilm formation of S. gordonii Challis and 15 other oral 
streptococci were assayed and categorized based on they4 575 of 
the CV-stained biofilm (Fig. 3). Four of the 16 strains tested, 
namely, S. gordonii Challis, S. gordonii 12396 and 33399, and 
Streptococcus sanguis 10556, were good biofilm formers. Three 
of the tested strains were moderate biofilm formers, consisting 
of 5. gordonii 10558, S. oralis 11427, and S. parasanguis 15909, 
while 9 of the 16 strains (the largest group) were poor biofilm 
formers, consisting of Streptococcus anginosus 10713, Strepto- 
coccus constellatus 2226, Streptococcus mitis 4212 and 99456, S. 
oralis 10557 and C104, S. parasanguis FW213 and 15911, and 
Streptococcus intermedius 27335. The biofilm medium used was 
optimized for S. gordonii; hence, other oral streptococcal spe- 
cies such as S. anginosus 10713, £ intermedius 27335, S. para- 
sanguis FW213, and S. oralis 11427 were found to grow poorly 



media, such as THB, THB+YE, and TSB, bacteria grew as 
well as in BM but failed to attach to the surface evenly, instead 
forming pellets at the bottom of the well. It appears that a 
nutritionally rich environment does not favor S. gordonii bio- 
film formation on polystyrene but that a nutritionally limited 
environment increases sessile growth. 

When bacterial growth and biofilm formation of S. gordonii 
Challis were assayed over 16 h, a typical exponential growth 
curve was observed whereas biofilm formation increased lin- 
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BM = biofilm medium 
No glucose = BM without glucose 
No CAA = BM without casamino adds ' 
Trie ■ Todd Hewitt broth 
THB+YE = Todd Hewitt broth with 
0 2% yeast extract 
TSB ~ Trypticase soy broth 
& aerobic conditions 




FIG. 1. Bacterial growth and biofilm formation of S. gordonii Challis under 
different growth conditions. Bacteria were grown in either BM, BM without 
glucose, BM without CAA, THB, THB+YE, or TSB. Growth and biofihn for- 
mation were measured under aerobic (#) and anaerobic conditions. All assays 
were performed in triplicate, and mean values and standard deviations are 
shown. 
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Supplement 

J 1 ?'* 2 ' Ba t cterial S rowth and biofilm formation of & gordonii Challis in BM 
wxth different levels of osmolarity. The NaCl supplement fn BM variS Oto 
0.4 M Assays were performed using BM and polystyrene plates under anaerobic 
above 1 ThTgrtph PreSeatatiVe ° f CV ~ Stained microtiter pl»te wells is shown 

in this medium. At the same time, S. oralis C104 grew very well 
in BM but was unable to form biofilm on polystyrene surfaces 
These results indicate a wide variation in the abilities of oral 
streptococci grown in BM to form biofilms on polystyrene 
Variation in the ability to form biofilms was also observed 
within the same species. 



j"™ Bacterial growth 
jE^sa Biofilm formation 
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aHHZ'J; iiJ g !i 0Wt . h and bi0film formatio » of various oral streptococci 
Assays were performed using BM and polystyrene plates under anaerobic c? n - 



In order to determine whether mammalian matrix proteins 
affect the biofilm formation of S. gordonii Challis, polystyrene 
surfaces coated with laminin, type IV collagen, and fibronectin 
were used. Polystyrene plates coated with laminin and fi- 
bronectin had a slight reduction in biofilm formation, while 
uncoated polystyrene and the collagen-coated polystyrene ex- 
hibited no difference in biofilm formation (data not shown). As 
the results from both the quantitative assay and SEM (Fie 4) 
demonstrate that biofilm formation on coated surfaces did not 
differ significantly from that on uncoated polystyrene, the latter 
could be justifiably used to screen for biofilm phenotypes 
Interestingly, coated surfaces showed some structural differ- 
ences, with more cell clusters, whereas uncoated polystyrene 
showed a uniform distribution of biofilm bacteria. The use of 
surfaces coated with matrix proteins can facilitate the isolation 
of mutants that are defective in binding to proteins on dam- 
aged heart valves and subsequent identification of bacterium- 
host interactions that are important in biofilm formation and 
the pathogenesis of endocarditis (59, 60). 

AT?n { n£j? r J' g0rdonii biofil «i-defective mutants. A total 
nnV ^ biofilm-defective mutants were isolated after 
•25,000 transposon mutants generated by Tn916 mutagenesis 
were screened using the biofilm assay described in this study 
(Hg. 5). Only mutants exhibiting an amount of growth similar 
to that of wild-type Challis were chosen for further study, as a 
mutation that confers a nonspecific growth defect can affect 
biofilm formation indirectly. The reduction in biofilm forma- 
tion ranged from 39% (the 8F9 mutant) to 91% (the 1C1 

T^i^ 3 maj ° rity (14 of 18 > of the mutants ha ™g more 
than 60% reduction in biofilm formation (Table 1). Southern 
hybridization of ///ndlE-digested chromosomal DNA from 
each mutant with DIG-iabeled pAM120 confirmed the pres- 
ence of Tn916. As Tn916 has a single HindlU site, the presence 
ot two hybridizing bands is consistent with the mutant having 
only a single transposon insertion. All the mutants isolated had 
single insertions except for three with the mutations 1 1E5 9FS 
and 29F1, which had three hybridizing bands, indicating the 
presence of two transposon insertions. Hybridization results 
irom nine of the biofilm-defective mutants, which will be dis- 
cussed m further detail, are shown in Figure 6. 

The DNA sequence flanking each Tn916 insertion was de- 
termined in order to identify the gene(s) disrupted in each 
mutant. The number of nucleotides sequenced from the vari- 
ous mutants ranged from 53 to 886. Each sequent obtained 
T S SSS^** USing the BLASTX P^gram (1), which translates 
the DNA sequences in all six reading frames and compares 
these predicted protein sequences with those in GenBank 
Eighteen biofilm-defective mutants of S. gordonii Challis were 
identified based on Southern hybridization and analyses of 
sequence^ of the Tn976-flanking regions (Table 1). The num- 
ber ot PCR products obtained from the mutants confirmed the 
number of transposon insertions indicated by the Southern 
hybridization results. 

Biofilm-defective mutant 1 (8F9) had an insertion within the 
?™™ gene u (65 nucleotides the open reading frame 
i M. » e com P etence loc "s (comCDE operon) of S. gor- 
donii Chalhs (42). ComD is a histidine kinase that can act as an 
environmental sensor, and its activity is regulated in response 
to specific stimuli. 

Bacterial cell wall peptidoglycan is a covalently closed, net- 
like polymer in which glycan strands are linked by peptides Its 
structure is determined by many biosynthetic and autolvtic 
reactions. The DNA sequences of Tn97<5-rlanking regions in 

F**T 2 (1C1) ' 3 < 11E5 )> 4 ( 11B4 >> ^d 5 
(15H3) identified homologs in peptidoglycan biosynthesis genes 
including genes that encode penicillin-binding proteins (PBPs)' 
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FIG. 5. Bacterial growth and biofilm formation of wild-type S. gordonu Chal- 
lis and biofilm-defective mutants. Assays were performed using BM and poly- 
styrene plates under anaerobic conditions. 



which are active-site serine transferases. Mutant 2 (1C1) has a 
transposon insertion in an ORF that is homologous to the gene 
encoding PBP 2B of S. pneumoniae, a transpeptidase from the 
class B high-molecular-weight PBPs, 

Mutant 3 (11E5) had two transpositions that were separated 
after inverse PGR by agarose gel electrophoresis. The lower 
fragment, designated 11E5L, has a transposon insertion in an 
ORF homologous to the gene for PBP 5 of Bacillus subtilis, a 
DD-carboxypeptidase from the class A low-molecular-weight 
PBPs. The Tn97 6 -flanking region in the higher fragment, des- 
ignated 11E5U, has homology with a putative cation-transport- 
ing ATPase from Mycobacterium tuberculosis. This P-type (or 
El E2-type) ATPase belongs to a large family of prokaryotic 
and eukaryotic proteins that transport a variety of cations in 
various cellular processes. An insertion mutant of a P-type 
prokaryotic ATPase gene in Synechococcus sp. strain PCC7942 
has demonstrated hypersensitivity to osmotic stress upon ad- 
dition of NaCl or sorbitol to the medium (32), suggesting a 
possible role in osmoadaptation. Osmoadaptation is an adap- 
tive response to changes in external turgor pressure and is 
mediated by a primary ATP-dependent (K + -ATPase) trans- 
port system, since the accumulation of potassium ions is known 
to be the primary response to hypertonic stress in eubacteria. 
Either the 11E5L or the 11E5U transposition could be respon- 
sible for mutant 3 displaying the biofilm-defective phenotype. 

The Tn9i6-ftanking region of mutant 4 (11B4) has homol- 
ogy with glmM, a phosphoghicomutase gene in E. coli. GlmM 
catalyzes the formation of glucosamine-1 -phosphate from glu- 
cosamine-6-phosphate, the first step in the biosynthetic path- 
way leading to the essential peptidoglycan precursor UDP-W- 
acetylglucosamine (44). 

The Tn9i6-flanking region of mutant 5 (15B3) has homol- 
ogy with bacA, which encodes an undecaprenyl kinase involved 
in the lipid phosphorylation that confers bacitracin resistance 
in E. coli. The resistance is due to the tight binding of bacitra- 
cin to a complex of undecaprenyl diphosphate and a metal ion. 
This tight binding prevents undecaprenyl diphosphate from 
functioning as a membrane-associated carrier of intermediates 
during peptidoglycan biosynthesis (5). 

Mutant 6 (9F8) had two transposon insertions, one of which 
is 23 nucleotides upstream of abpA, which encodes AbpA, an 
ot-amylase-binding protein in S. gordonii Challis (51). In a pre- 
vious study, the abpA gene was also identified by Tn9i6 mu- 
tagenesis, with an insertion 15 nucleotides upstream of abpA 
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FIG. 6. Southern hybridization of ////idlli-digested chromosomal DNAs 
from nine representative biofilm-defective mutants with a DIG-Iabeled pAM120 
probe containing Tn°i6\ Lanes: 1, 8F9 mutant; 2, 1C1 mutant; 3, 11E5 mutant; 
4, 11B4 mutant; 5, 15B3 mutant; 6, 9F8 mutant; 7, 29E5 mutant; 8, 4B3 mutant; 
9 t 13A12 mutant. DNA sizes are shown on the right. 



(51). The second insertion in 9F8 was in a region with no 
homology in the DNA database. Either of these transpositions 
could be responsible for the biofilm-defective phenotype of the 
9F8 mutant. 

The TnP76-flanking region of mutant 7 (29E5) has homol- 
ogy with appC, which encodes a member of an oligopeptide 
(terra- or pentapeptide) transport system in B. subtilis. This 
system may be a growth-monitoring communication system 
between cell wall synthesis systems and the cytoplasm which 
senses the turnover rate of cell wall peptides as a direct func- 
tion of bacterial growth during sporulation (35). Similar mech- 
anisms may be involved in modulating streptococcal growth 
during early dental plaque formation. 

The Tn9i6-flanking region of mutant 8 (4B3) has homology 
with mutTj a member of the DNA replication machinery that 
prevents A • G mispairs. MutT is a nucleoside triphosphatase 
which prevents A * T— >C * G tranversions during replication by 
removing an oxidized form of guanine, 8-oxo-dGTP, from the 
nucleotide pool, thus preventing it from mispairing with tem- 
plate A and maintaining replication fidelity (21). The Tn9i6- 
flanking region of mutant 9 (13A12) has homology with y/mP 
of B. subtilis. The function of this gene is yet to be determined. 

Nine of the biofilm-defective mutants isolated have genes 
homologous to those in databases which may be important for 
the physiology of sessile growth. The successful identification 
of biofilm-associated genes indicates the utility of the polysty- 
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rene assay for studying bacterial biofilms. In the remaining 
nine biofilm-defective mutants, the DNA sequences flanking 
the transposon have no homology to genes in the DNA data- 
bases. This suggests that the screening performed in this study 
has identified previously unknown genes that are associated 
with biofilm formation. 

The flanking regions of all the Tn9i6 insertions are signifi- 
cantly AT rich, indicating that Tn916 has hotspots for certain 
regions of the S. gordonii chromosome (Table 1). These AT- 
rich regions-contained significantly more T than A. The pres- 
ence of Tn976 preferred target sites which were AT rich has 
also been noted in a review of conjugative transposons (57). 

DISCUSSION 

Kolter and Losick (37) noted that until recently, even though 
most microorganisms grow as biofilms and the physical struc- 
tures of different biofilms are well characterized, biofilms had 
not been studied using molecular genetic approaches. A well- 
studied, genetically amenable oral bacterium, 5. gordonii Chal- 
lis, was used in this study to identify genes that are required for 
biofilm formation on abiotic surfaces. 

The observation that S. gordonii Challis biofilm formation 
was enhanced in a minimal medium but not in a nutritionally 
rich environment indicates that sessile growth may represent a 
survival strategy in a nutritionally limited environment, as sur- 
face colonization provides advantages such as increased cap- 
ture of nutrients that may be adsorbed to surfaces (64). Star- 
vation conditions have previously been reported to initiate 
adhesion as bacteria attempt to exploit a source of essential 
nutrients which may be in short supply in the surrounding 
environment (38). Oral surfaces in vivo also represent a nutri- 
tionally limited environment, and biofilm formation may be 
required for survival, as bacteria depend on degraded salivary 
constituents as nutrients (40). 

Interspecies variation was observed in the ability of oral 
streptococci to form biofilm on abiotic surfaces, which may 
reflect differences in the mechanisms of colonization by differ- 
ent streptococcal species. For example, S. oralis C104, which 
demonstrated poor biofilm-forming ability, may lack effective 
colonization factors for binding to abiotic surfaces but still 
participate in plaque formation by binding to initial colonizing 
cells of other species. Most human viridans streptococci par- 
ticipate in intrageneric coaggregation, the cell-to-cell adher- 
ence among genetically distinct streptococci, and these inter- 
actions may foster the primary colonization of the tooth 
surfaces (36). Furthermore, an S. gordonii DL1 mutant that did 
not coaggregate with its streptococcal partner S. oralis CI 04 
exhibited wild-type levels of coaggregation with actinomyces 
(8). 

The oral environment experiences significant fluctuations in 
0 2 tension, pH, and carbohydrate content due to variations in 
microflora, diet, and oral hygiene habits. The primary indica- 
tors of the two major dental diseases, periodontal disease and 
caries, are a shift in dental plaque flora from initial gram- 
positive facultative aerobes to mainly gram-negative anaerobes 
(58) and an increased acidogenicity due to bacterial metabo- 
lism of dietary sucrose (41), respectively. Some of these envi- 
ronmental changes, namely, in pH, osmolality, and carbohy- 
drate content, were found to influence streptococcal biofilm 
formation in vitro. As nutritional (48) and environmental (64) 
signals play a role in biofilm development, these observations 
may be useful in attempts to identify the cellular factors and 
molecular mechanisms involved in streptococcal biofilm for- 
mation. 

Bacteria sense a large number of environmental signals and 



process this information into specific transcriptional responses. 
In gram-positive bacteria, cell-density-dependent gene expres- 
sion regulatory modes appear to follow a common theme, in 
which the signal molecule is a posttranslationally processed 
peptide that is secreted by an ATP-binding cassette exporter. 
This peptide pheromone accumulates extracellulariy in pro- 
portion to the total number of cells, providing an index of 
population densities (15), and functions as the input signal for 
the sensing component of a two-component signal transduc- . 
"tion system (34). Therefore, these bacterial autoinduction sys- 
tems represent cell-to-cell communication, which is also re- 
ferred to as quorum sensing. 

In S. gordonii, the sensing component of the two-component 
signal transduction system is ComD, an autophosphoryiating 
histidine kinase. ComD is the receptor for the comC-encoded 
competence-stimulating peptide, a 50-amino-acid peptide 
pheromone that induces competence in the bacterial popula- 
tion at a critical extracellular concentration (27, 49). The sec- 
ond component, the cognate response regulator ComE, be- 
comes activated after receiving the phosphoryl group from 
ComD at an aspartate residue and binds to specific promoter 
regions of appropriate target genes, therefore acting as a tran- 
scriptional factor (45). 

One of the biofilm-defective mutants isolated had a trans- 
poson insertion within comD of S. gordonii^ which encodes 
ComD (42). To our knowledge, this is the first report that 
cell-to-cell signaling is involved in the biofilm formation of a 
gram-positive species on an abiotic surface and is consistent 
with a previous report that the differentiation and integrity of 
P. aeruginosa biofilms are controlled by a specific quorum- 
sensing signal (12). A P. aeruginosa mutant defective in the 
production of JV-(3-oxododecanoyl)-L-homoserine lactone, one 
of the acylhomoserine lactones that mediate quorum sensing, 
produced abnormal biofilms that were sensitive to the deter- 
gent biocide sodium dodecyl sulfate, indicating that a quorum- 
sensing signal is involved in biofilm differentiation and integrity 
(12). A recent study implicated cell density signaling in activa- 
tion of the recovery process of nitrogen-starved Nitrosomonas 
europaea biofilms (3). Results from this study demonstrates 
that cell-to-cell signaling in biofilm formation may not be a 
characteristic restricted to P. aeruginosa or gram-negative bac- 
teria. 

PBPs are responsible for the assembly, maintenance, and 
regulation of peptidoglycan peptide structures. Identification 
of biofilm-associated genes that are involved in peptidoglycan 
biosynthesis indicates the importance of cell envelope integrity 
to the biofilm phenotype in streptococci, as mutations in pep- 
tidoglycan biosynthesis genes may result in cells with morphol- 
ogies that lack a rigid cell envelope component. 

Disruptions in genes regulating peptidoglycan synthesis are 
also likely to affect their ability to respond to environmental 
changes such as extracellular osmolarity, which is important 
during sessile growth. Change in environmental osmolarity 
can elicit structural alterations by cellular remodeling. Cellular 
remodeling has been shown to accompany long-term osmoad- 
aptation, whereas the P-type ATPases are involved in acute- 
phase osmoadaptation (65), Identification of biofilm-associ- 
ated genes that are involved in peptidoglycan biosynthesis 
suggest that osmoadaptation systems may play a role in biofilm 
formation. 

One of the 18 biofilm-defective mutants (9F8) had two 
transposon insertions, one of which is the 5' region of a salivary 
a-amylase-binding gene of S. gordonii (51). This is the only 
adhesion-related gene of S. gordonii found to have a potential 
role in biofilm formation. A previous study has shown that the 
mannose-sensitive hemagglutination pilus of Vibrio cholerae, 
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which is involved in biofilm formation on abiotic surfaces, is 
important for attachment but not pathogenicity (63). The type 
IV pili of Pseudomonas aeruginosa, which is required for bio- 
film formation on an abiotic surface, is also important for 
bacterial adhesion to eukaryotic cell surfaces and pathogenesis 
(47). These observations suggest that there may be an overlap 
in the factors required for biofilm formation and those for 
bacterial adhesion and/or pathogenesis in vivo. As the most 
abundant enzyme in human saliva, a-amylase, binds with high 
affinity to-oral streptococci- (-14,-54), one of the multiple amy- " 
iase-binding proteins of S. gordonii Challis (51) may promote 
biofilm formation during early plaque formation on nutrition- 
ally poor, saliva-coated tooth surfaces. This potential role of 
a-amylase-binding protein in biofilm formation can be deter- 
mined only when the two transpositions in the biofilm-defec- 
tive mutant are separated and analyzed for biofilm formation 
Although flageila and/or motility are important for biofilm 
formation in motile bacteria, nonmotile bacteria can also form 
biofilms, indicating that other genes may be involved (47 48 
50). The successful isolation of biofilm-defective mutants 
clearly demonstrates the utility of the assay used. In addition 
these mutants were used to identify genes that may be impor- 
tant in biofilm formation after initial adhesion. Nine of the 18 
biofilm-defective mutants have disruptions in genetic loci that 
have no homology to genes in the databases. This polystyrene 
assay coupled with other assays such as flow cell and animal 
colonization studies will identify functions for some of these 
genes. 

The relative proportion of the biofilm-deficient mutants iso- 
lated m this study (0.07%) was similar to the 0.08% obtained 
with Tn917 mutants of Staphylococcus epidermidis were 
screened for biofilm deficiency (28) but lower than the 0.3% 
obtained from Tn5-based mutants of P. aeruginosa (48) Re- 
sults from this study, together with those of a previous report 
(57), indicate that Tn9I6 appears to preferentially transpose 
into AT-nch regions of the bacterial chromosome. Therefore, 
the biofilm-associated genes identified in this study may not 
represent the full complement of the genes necessary for the 
sessile growth of S. gordonii. Additional genes may be identi- 
fied by insertion-duplication analysis or by using transposons 
from other gram-positive bacteria for mutagenesis. 

In order to understand the processes involved in dental- 
plaque formation, different approaches, such as confocal scan- 
ning laser microscopy, which enables the study of biofilm com- 
munities without disturbance (9), and genetic approaches 
need to be utilized. Two-component signal transduction sys- 
tems (2) and other cell-to-cell signaling systems (18) have al- 
ready become novel targets in the design of new types of 
microbial anti-infective therapy. Putative biofilm-associated 
genes may identify other processes important in sessile growth 
and facilitate the development of therapeutic agents that target 
the biofilm phenotype and cell-to-cell signaling agents and 
subsequently prevent the formation or promote the detach- 
ment of biofilms. Biofilm-associated genes will provide insight 
into the unique process of biofilm formation and may facilitate 
the development of therapeutic agents and strategies to con- 
trol biofilm-mediated infections. 
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